Positron emission tomography offers the ability to noninvasively assess regional myocardial perfusion in absolute terms (i.e., milliliters per gram per minute). Accurate estimates have been difficult to achieve with generator-produced 82Rb because of the complex behavior of this tracer in the myocardium. The aim of the present study was to determine whether regional myocardial blood flow could be assessed quantitatively with 82Rb and positron emission tomography by using a two-compartment kinetic model. Regional perfusion in milliliters per gram per minute was estimated from dynamic tomographic scans after intravenous administration of 82Rb in 18 studies in 13 intact dogs studied without intervention, after 2 and 24 hours of induced ischemia, during reperfusion after transient occlusion, or at rest and after pharmacological hyperemia after induced coronary artery stenosis. Regional flow was estimated along with the forward and backward rates of transport (kl and k2 [minutes-']) after the relative volume of distribution of the first compartment was fixed to 0.53 mlIml and the tomographic parameters, the recovery and spillover fractions, were fixed to averaged values obtained in previous studies. In 36 comparisons, estimates of regional flow with 82Rb correlated well with flow measured with concomitantly administered radiolabeled microspheres (r=0.91,p<0.05) over the flow range from 0.14 to 4.25 ml/g/min.
Q uantification of regional myocardial perfusion in absolute terms (i.e., milliliters per gram per minute) is desirable for the objective evaluation of myocardial perfusion and perfusion reserve and is especially important in the evaluation of patients in whom flow abnormalities may be homogeneous (such as patients with chest pain but angiographically normal coronary arteries, those with cardiac transplantation, or those with cardiomyopathies). Optimum diagnosis of perfusion in patients with balanced lesions or multivessel coronary artery disease may also require absolute quantification of perfusion to assess the physiological significance of the disease.
Positron emission tomography enables noninvasive delineation of myocardial perfusion. Currently, two oped a procedure based on a two-compartment model for estimating the first-pass extraction fraction of 82Rb by the heart. When the experimentally derived relation between flow and extraction fraction was then incorporated into a simple uptake model (Fick's approach), estimates of perfusion were possible using external probes. We recently extended this approach for use with positron emission tomography14 and found that although it could be used to estimate myocardial flows in normal and some ischemic myocardium, the approach was insensitive for the estimation of hyperemic flows (i.e., flows greater than 2-2.5 ml/g/min). Additionally, the approach might not be accurate for estimates of perfusion in the setting of prolonged ischemia or reperfusion because of alterations in the flow-extraction relation. Although many metabolic and physiological interventions do not alter the relation between extraction of 82Rb and flow,11'12 conditions such as ischemia and reperfusion do alter the relation independently of flow.'0',5 '16 We concluded that for quantification of myocardial perfusion with 82Rb, the kinetic behavior of the tracer must be defined accurately so flow and extraction could be decoupled. '4 The aim of the present study was to implement and evaluate the use of a two-compartment model for the noninvasive quantification of regional myocardial perfusion by using 82Rb and positron emission tomography.
Methods

Theoretical and Mathematical Basis of the Model
Compartmental models, both first-order linear systems and distributed parameter systems (in which the concentration of tracer is assumed to vary spatially), have been used to describe the kinetics of rubidium.
Ziegler and Goresky17 applied a distributed-parameter model to the kinetics of rubidium obtained from outflow indicator dilution curves from hearts of closed-chest dogs. Their model consisted of three distinct spaces: a vascular, an interstitial, and a cellular space with the concentrations of tracer varying along the capillary and its associated tissue components. They concluded that barriers for transport of rubidium were present at both the capillary wall and the cell membrane and that extraction of the tracer from the vascular space varied with perfusion while tracer uptake by the cellular space was relatively independent of flow.
Other investigators have found that movement of tracer from the capillary to the interstitial space occurs so rapidly that these two spaces can be treated as one in a first-order, linear, two-compartment model with the second compartment representing the cellular space. '8- probes and a two-compartment model, Huang et al12 were able to accurately estimate blood flow in isolated hearts over a wide range of flows and metabolic conditions.
The two-compartment model represented in Figure 1 is a modification of the one developed by Mullani et al13 and used by Huang et al.12 In this model, the tissue tracer concentration, CT (t), can be defined as a function of the arterial blood tracer concentration, Ca(t), by CT(t)=(Ae`t+Be'at)*Ca(t) (1) (see "Appendix" for the derivation of Equation 1).
Because positron emission tomography measurements of cardiac tissue activity need to be corrected for partial volume and spillover effects caused by limited resolution, observed tissue activity is related to true tissue activity by2"5'22 '23 CTpET(t)=FMMCT(t)+FBMCa(t) (2) where CTPET(t) is the observed tomographic tissue activity at time t (counts per minute per minute), CT(t) is the true tissue activity at time t (counts per minute per minute), Ca(t) is the arterial blood activity at time t (counts per minute per milliliter), FMM is the tissue recovery coefficient, and FBM is the fraction of activity in blood pool observed in tissue. CT(t) is defined by the operational equation of the model (Equation 1).
The model parameters to be estimated are regional myocardial blood flow, rMBF (milliliters per gram per minute), the forward and backward rates of transport, k1 and k2 (minutes-1), and the fractional volume of distribution of tracer in the first compartment, v (milliliters per milliliter) (Figure 1 ). The measured quantities are positron emission tomography tissue activity, CTPET(t), and the arterial blood activity, Ca(t). Tissue recovery and blood to myocardial spillover fractions (Fmm and FBM, respectively) must be either known a priori or estimated along with the model parameters.
Experimental Protocol
All studies in experimental animals were performed under general anesthesia and conformed to the "Position of the American Heart Association on Research Animal Use." Eighteen studies were performed in 13 dogs. Dogs rior descending coronary artery as described previously. 24 These dogs were studied 2 hours after angiographically documented occlusion, and two of these dogs were restudied 24 hours later. To study the effects of transient occlusion and reperfusion, three intact dogs were studied during reperfusion approximately 1-2 hours after a 15- . The method assumes that the input function, Ca(t), is not contaminated by partial volume and spillover effects and consequently that Ca(t) can be obtained either by direct arterial sampling or noninvasively from observed tomographic counts obtained from interrogation of a left atrial blood pool region of interest. In 11 studies in seven dogs, the arterial input function was obtained by monitoring the time-activity curve from a catheter exteriorized from the thoracic aorta via the femoral artery. The total volume of the catheter was less than 1.5 ml, and the blood was allowed to flow freely from the catheter during data acquisition. The anticoagulated blood was infused back into the dog at the end of the data collection. Measured flow rates were never less than 20 ml/min, so the maximum delay from the tip of the catheter to the probe was less than 5 seconds. Because of the high flow rates, dispersion was minimal. In these studies, arterial radioactivity was detected with a collimated gamma scintillation probe, and data were recorded by a minicomputer for subsequent analysis. The detector was shielded by more than 4 in. lead so background radioactivity in the catheter was zero even after administration of 40 mCi radioactivity into the intact dog. To correct for time discrepancies between the time of detection of activity by the probe and the time of arrival in the coronary artery and to scale probe counts to tomographic counts, decay-corrected arterial blood curves were fitted to tomographic left ventricular curves obtained from a region of interest placed at the center of a midventricular slice. A region in the left ventricular rather than the left atrial chamber was chosen for the time correction because it reflects more closely the time of arrival of tracer in the ascending aorta (and thus the coronary artery). In the remaining studies the input curve was obtained noninvasively from a region of interest placed within the left atrial blood pool on the reconstructed rubidium images.
The results of measurement of blood flow obtained with positron emission tomography were compared with those obtained with radiolabeled 15 -,um microspheres administered concomitantly via a retrogradely placed left atrial catheter. While microspheres were administered, blood from a femoral artery was withdrawn at 10 ml/min with a constant withdrawal pump. After the dogs , the myocardium subjected to ischemia, reperfusion, or distal to the stenosis) were averaged to generate an average "anterior" flow value, and those obtained from the normal posterolateral myocardium were averaged to generate "normal" flow. Thus, for each study two microsphere flow values were generated, one representing microsphere flow values in the anterior myocardium and one representing microsphere flow values in the posterolateral myocardium. Transmural flows were used because the resolution of PETT VI and the fact that data were collected in the nongated mode preclude tomographic estimation of subtransmural flows. Analysis of tomographic data. Tomographic data were reconstructed by a filtered back-projection algorithm into lOOx 100 picture element (pixel) images with each pixel representing 2.7x2.7 mm. To obtain myocardial time-activity curves from the tomographic reconstructions, three to four regions of interest representing 2-6 cm3 were interactively placed on one to two midventricular transverse tomographic reconstructions of the 82Rb images. These represented lateral, anterior, septal, and posterior regions. In addition, a 0.90 cm3 region of interest was placed within the left atrial blood pool region to define the input function. Because 82Rb resides in both myocardium and blood in the early stages after the bolus injection, placement of myocardial regions of interest were performed with the aid of the 82Rb scan corrected for vascular radioactivity as previously described.1"4 Then, counts per pixel were calculated from each 82Rb frame in the noncorrected images for each defined region of interest.
Estimates ofmyocardialperfusion from positron emission tomography data. A weighted nonlinear least-squares technique27,28 was used to fit Equation 2 to tomographic tissue curves obtained in 104 regions of interest from 18 studies.
FMM was fixed to 0.72 in lateral, septal, and posterior walls and to 0.61 in anterior walls, and FBM was fixed to 0.14 in all walls. These averages were computed in previous dog studies from our laboratory. 2 In preliminary studies we observed that rMBF could not be accurately estimated simultaneously with the three other model parameters (kl, k2, and v). Accordingly, v, the parameter expected to vary the least, was fixed to an average value of 0.53 ml/ml. This value (0.527+0.264 ml/ml) was derived from estimates of v obtained from fitting 19 tissue curves in normal lateral regions to the model in which microsphere flow values (0.92±+0.22 ml/g/min) were used. Figure 2 shows the relation between v and microsphere blood flow in all regions with v values less than 1. Values for which v was greater than 1.0 were not included because these are not physiologically meaningful. Although there is a large variation in the value of v, there was no significant correlation between v and rMBF. Accordingly, after v was fixed to 0.53 ml/ml, rMBF was estimated along with k1 and k2 for all tissue regions.
For each study, two tomographic flow values were generated: one representing the average flow value from normal lateral, septal, and posterior walls (mean, two to five regions per study) and one representing the average flow value from anterior regions (one to two regions per study).
Error Analysis
The estimation of rMBF with Equation 2 and the configuration of the model described above assume that the model parameter v (the relative volume of the first compartment) as well as the tomographic parameters FMM and FBM do not vary. To assess the accuracy of flow estimates as a function of changes in these parameters, error analysis was performed using analytically generated input and tissue curves.
The analytical function used to generate the input function was
where A=39,218 and B=1,428. This function was chosen because of its similarity to 82Rb arterial blood curves obtained in vivo in our studies (Figure 3 ). Tissue activity curves were then generated To evaluate the error in flow estimates resulting from changes in the model parameter v, for each flow group, 10 tissue curves were generated by changing v from -50% to +50% of its "true" value of 0.53 ml/ml (range, 0.265-0.795) without changing the rest of the parameters. Then, Equations 2 and 3 were fitted to these 30 tissue curves to estimate rMBF, k1, and k2 after v, FMM, and FBM were fixed to their assumed values.
A similar approach was used to evaluate the error in flow estimates resulting from changes in the tomographic parameters. FMM was varied from 0.36 to 1 (-50% to +40% range), FBM was varied from 0.07 to 0.21 (-50% to +50% range), and the corresponding tissue curves were then fitted to the model equation as above.
Results
Estimates of Myocardial Blood Flow Figure 4 depicts observed and fitted tissue curves obtained from a dog with an induced occlusion. The anterior ischemic region has less than half the activity of the normal region for most of the curve.
The ability of the model configuration to estimate rMBF was investigated by analysis of the covariance matrix of the parameter estimates.27,28 The weak correlation of the flow parameter with the other two parameters, kl and k2, as well as the relatively small standard error associated with each flow estimate (19+8% from 104 regions) are indicative of the ability of the model configuration to estimate rMBF reliably. Table 1 summarizes the intrasubject variability of the 82Rb flows. The coefficient of variation of the regional means varied from 0% to 53% with a mean of 26±15%.
Estimates of kl and k2
The forward and backward rates of transport from the first to the second compartment (k, and k2) were also estimated in the optimization process. Both parameters could be reliably estimated in only 78% of the regions analyzed (81 of 104 regions). When the covariance matrix of the parameter estimates of the 23 regions in which reliable estimates of k, and k2 could not be made were investigated, it was observed that k1 and k2
were highly correlated in these regions and that the standard error of the estimate was very high (greater than 100%), indicating that the two parameters cannot consistently be obtained simultaneously from the positron emission tomography data. Values of k1 obtained from 81 regions of interest in which all these parameters could be estimated correlated slightly with rMBF (r=0.54) but did not correlate with k2 (r=0.08).
The mean value of kl in regions with normal flow (0.80+0.23 ml/g/min) was 2.07±1.38 min-l.
The backward rate of transport, k2, has been proposed as a measure of myocardial viability16'30,3' since it is thought that irreversibly damaged myocardium loses the ability to sequester rubidium. Estimates of k2 obtained from the 81 regions of interest in which reliable estimates could be made correlated with flow (r= -0.67) with a mean value in normal regions of 0.51+0.35 min'.
To evaluate the changes in k2 in regions with very low flow, tissue with prolonged ischemia and in reperfused myocardium, the relation between perfusion in the anterior regions and k2 was investigated in the dogs studied after coronary occlusion or after reperfusion Myocordial blood flow (microspheres) (mu/g/min) ( Figure 7) . In animals in which perfusion to the anterior region was reduced to less than 35% of normal, k2 was elevated. In the two animals that were restudied 24 hours after occlusion, k2 remained high in the region that had severe ischemia but was unchanged in the region with mild ischemia. Regions subjected to reperfusion (and thus with normal flow) (triangles in Figure  7 ) did not show an increase in k2. 
Error Analysis
Discussion
Noninvasive quantitation of myocardial perfusion by using 82Rb and positron emission tomography has been difficult to achieve because of the complex behavior of this tracer in the myocardium. The present study was undertaken to investigate the feasibility of using a two-compartment model with 82Rb and positron emission tomography for the noninvasive quantification of myocardial perfusion over a large range of flows.
The estimation of rMBF with this two-compartment model and positron emission tomography requires that three model parameters (v, k1, and k2) as well as two tomographic parameters (FMM and FBM) be estimated along with rMBF. Simultaneous estimation of all four model parameters after the tomographic parameters were fixed resulted in extremely high estimates of flow. Investigation of the covariance matrix of the parameter estimates computed from the optimization process showed a very large standard error of the parameter estimates as well as a high parameter estimation dependency between rMBF and v, suggesting that rMBF could not be estimated accurately without a priori knowledge of some of the other model parameters. The decision to fix the relative volume of the first compartment, v, was based on the assumption that this param- Figure 5 is good, a cluster of four points appears to skew the results. The analysis of the residuals29 ( Figure 5 [bottom panel] ) showed that these four data points obtained from two studies did indeed skew the results, and the removal of these four points improved significantly the correlation coefficient and the line of identity ( Figure 6 ). The accuracy of flow estimates was equally good when left atrial blood pool curves were used as input functions and when arterial blood was sampled directly. This corroborates our previous observation that an accurate input function can be obtained noninvasively from the left atrial blood pool tomographic image. 2 In our study, three to four relatively large regions of interest (i.e., 3-5 cm3) were analyzed in each midventricular slice. Although interrogation of smaller regions of interest would be desirable, because data are collected in a nongated mode as well as with short sampling frames (i.e., 5 seconds) for kinetic analysis, blood flow in smaller regions of interest cannot be accurately assessed. Table 1 FIGURE 7 . Relation between the increase in the backward rate of transport (k2, expressed times the normal value with each dog as his or her own control) in the anterior region to the percent decrease in flow to the same region in the five dogs studied with coronary occlusion and the three dogs studied 1-2 hours after a transient, 15-minute occlusion. In those areas with severe ischemia (less than 35% of normal flow), k2 was elevated significantly (p<O. 05) but remained unchanged in the regions with mild ischemia as well as in reperfused zones. In the two dogs studied 24 hours after occlusion, k2 remained elevated in the region with severe ischemia (delineated with an x) but was low in the region with mild ischemia (delineated with an asterisk). Whether increases in k2 simply reflect the severity of ischemia or permit delineation of reversibly from irreversibly injured myocardium (as suggested by others) remains to be determined. . ---- Thus, the concentration of the tracer in the tissue, CT(t), can be defined by a biexponential curve convolved with the arterial blood curve, Ca(t) (input function).
